We have adsorbed plasmid pUc19 DNA on a supported bilayer. The mobility of the lipids within the bilayer ensured a 2D equilibrium of the DNA molecule. By varying the fraction of cationic lipids in the membrane, we have tuned the surface charge. Plasmids conformations were imaged by Atomic Force Microscopy (AFM).We performed two sets of experiments: deposition from salt free solution on charged bilayers and deposition from salty solutions on neutral bilayers. Plasmids can be seen as rings, completely opened structures, or tightly supercoiled plectonemes, depending on the experimental conditions. The plectonemic conformation is observed either on a highly charged surface in the absence of salt or on a neutral bilayer at 30 mM of salt. We demonstrate the equivalence of surface screening by mobile interfacial charges and bulk screening from salt ions.
INTRODUCTION
Since its discovery (1) , supercoiled DNA has been extensively studied by biologists and by physicists. The former were mostly interested in its implication in biological processes (2) (3) (4) (5) (6) (7) (8) , the later were amazed by the beauty of its structure and studied its topology and conformation (9, 10) . Topology and conformation are inter-dependent so that, in order to study the conformation of a supercoiled DNA we need to define a few topological concepts. A supercoiled DNA is a circular double stranded DNA (ds-DNA) molecule that is constrained by a fixed linking number L k . L k is a topological invariant. Two other numbers are of great importance: the Twist number T W and the Writhing number W r . These three quantities are linked by the following equation:
Because of the natural twist of the DNA double helix, there is an intrinsic linking number L k0 . Therefore, in practice, linking numbers are always defined with respect to L k0 via the linking number difference ∆L k . As L k0 increases with the DNA length, one usually introduces an intensive parameter σ, the supercoiled density, that enables the comparison of plasmids of different lengths :
For a fixed linking number, twist can be traded against writhe. A supercoiled DNA molecule attempts to relax its torsional stress by writhing. Segments of the chain go successively above and below others which finally defines the tertiary structure of the molecule. Writhe gives rise to extra bending. The conformation is fixed by a balance between twist and bending energies. There is an additional electrostatic energy contribution. The global balance depends on the salt concentration in solution.
Much is known about the conformation of supercoiled DNA in solution, mostly under the physiological conditions relevant in biology. Many experiments using gradient centrifugation (11) and electrophoresis have been performed in the late 70's. They tend to give precise values for W r , T W and σ, as well as ratios between them (10, 12, 13) .
The first electron microscopy (EM) images of plasmids were available roughly ten years later (10, (14) (15) (16) (17) . This was the first time one could see what supercoiled DNA looks like. In these experiments, supercoiled DNA is shown to have a plectonemic conformation. For very long DNAs, these plectonemes may have branches as well. It is described as a superhelix of radius r. The number of crossings of one strand above or below the other is n. α sin n W r = , where α is the angle between the tangent to one helix and the plane perpendicular to the superhelix axis. One of the works of reference is by Boles et al (10) . It shows perfectly regular plectonemes with a particularly well defined superhelix radius. In this study the authors measured n, r and W r precisely and compared their results with those obtained from solution measurements. These observations were confirmed by molecular simulations (18) (19) (20) (21) (22) (23) (24) so that all experiments performed later refer to this work. AFM data arrived later (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . They systematically show loosely interwound conformations. The observed conformations are much less regular than those seen in EM. Small variations were observed from experiments to experiments, and sometimes the results were discarded because they did not show plectonemic conformations. In 2002 Zhakharova et al (36) performed small angle neutron scattering on supercoiled DNA. Their results are in agreement with pioneering EM work. For instance, they obtained in 50 mM NaCl an opening angle α of 50° and a superhelix radius r of 10nm. Surprisingly the superhelix radius distribution was rather large (± 4 nm) in comparison with EM measurements. This cannot be attributed to the precision of the measurement as the resolution of neutron scattering is much better than 4 nm. These results could then go in favor of the AFM loose conformations as well. Neutron or XR scattering do not perturb the molecule and can be trustfully considered, but it is rather difficult to transpose the results to real space. On the other hand, real space experiments like AFM and TEM require the deposition of the molecule at the surface, whose effect on the conformation is often underestimated. People are aware of the influence of the surface, but it is often neglected. In fact it is an important issue. One might think that the problem of surface effects was solved with the appearance of cryo-EM which is surely, a real improvement in this direction (7, 37) . With cryo-EM, the sample solution is frozen and micro sliced before imaging, such as we may think that the observed conformation is the real 3D conformation. The results obtained with cryo-EM were by many aspects comparable to those from pioneering TEM work. For example the idea of a perfectly regular 3D, plectonemic conformation was reinforced. Nonetheless, cryo-EM can bring surface artifacts as well. Sample preparation is very subtle and small volumes are required. Because the sample thickness is often of the same order of magnitude as the radius of gyration of the molecule, confinement may occur before freezing at the air/ water interface (37) . At large ionic strength, cryo-EM also showed strong deviations from solution measurements; unexpectedly, the gyration radius of the molecule was seen to increase with the salt concentration (14) (17) . This discrepancy was attributed to a quenching of the conformation at very low temperature. Indeed, the native twist of the DNA molecule should increase when the temperature is decreased. Simulations at -50°C have confirmed this assumption (38) . Our goal in this article is to understand the influence of surface charges when supercoiled DNA is confined in 2D, and to help rationalize seemingly conflicting observations reported in the literature. The physics of the problem is complex. There is entropy loss consecutive to DNA adsorption, entropy gain consecutive to counter-ions release, and various electrostatic interactions. For constrained cyclic DNA, supercoiling introduces an extra level of complexity. All these aspects enter the description with different importance depending on the quantity of salt in solution. Vologodski and Cozzarelli (39) performed simulations in order to elucidate the influence of the surface on the conformation of supercoiled DNA. This work only considered non equilibrium immobilization. Later on, Velichko and coworkers (40) did molecular simulations on supercoiled semi flexible polymers and reported writhe gain when the macromolecule was adsorbed on a surface. The model used to describe the supercoiled macromolecule was a freely-joined chain with non-charged segments. Their study thus only took into account the entropic aspect and their conclusions are not directly applicable to DNA.
In a more recent Monte Carlo simulation, Fujimoto and Schurr (41) used a model previously validated with supercoiled DNA in solution. They added a surface potential to mimic the 2D immobilization of the molecule. Our own experiments will turn out to be quite close to their simulation results at equilibrium. The authors compared their computation with the AFM results from Lyubchenko and Shlyakhtenko (29) even though neither the surface charge of the amino-modified mica, nor the plasmid supercoiled density, were known. Their results did not perfectly match the experiments. They do coincide with the AFM data at 161 mM salt and show that after surface immobilization, the DNA molecule seems to rearrange in a linear fashion. At 10 mM however, they show plectonemic conformations, while experiments were reporting quite open conformations, with multiple strands crossing nearly at the same point. The authors assumed that the unusual multi-arm conformations reported in AFM might be due to irregularities of the surface used for DNA fixing, or local higher charge densities. Starting from this statement, Bussiek and Langowsky (33) performed AFM experiments where the DNA was deposited on polylysine films. The polymer density was varied. Testing linear DNA with the model from Rivetti et al (42) on their surfaces, they showed that for high polylysine densities, DNA was immediately stuck and remained in a conformation that is a projection of the full 3D conformation. For plasmids of the same length they observed conformations that were irregular and frozen. For low polylysine densities, the linear DNAs reached an equilibrated 2D conformation and plasmids were observed with plectonemic conformations. They concluded that the plectonemes were the result of a 2D equilibrium conformation and that open or multi-arm or many crossing conformations were the result of a 3D freezing. This work is a good starting point toward the understanding of surface induced conformations, although electrostatics is not taken into account. Surface charges were only considered as an adhesion promoter. In the present article we present AFM experiments performed on surfaces with known surface charge densities. By adsorbing DNA on lipid bilayers whose composition was a mixture of cationic lipids and zwitterionic phospholipids, we have varied the surface charge quantitatively. Furthermore, lipids are mobile within a membrane which ensures that DNA molecules are not frozen and conformations should be equilibrated in 2D. The lipids diffusion coefficient has been measured by Fluorescence Recovery After Patterned Photobleaching FRAPP (43) . Our membranes are in the gel phase where the dynamics are 1000 times slower than in the fluid phase, but still fast enough to allow small segments of the DNA chain to move and rearrange at the surface. Thus, we can study the influence of the charge density without risks of freezing the conformations. To our knowledge this is the first time that charged lipid membranes have been used to observe supercoiled DNA conformations by AFM. In contrast to mica, a membrane is a soft, elastic substrate for the deposition of DNA. It allows the molecule to rearrange without denaturation. On mica, in the presence of divalent cations, the location of the surface charges is constrained by the crystal lattice. On membranes, charges are fairly mobile. We study the influence of the surface charge density on the conformation of supercoiled DNA. We observe various 2D equilibrium conformations: plectonemic conformations as well as open conformations or loose conformations with only a few crossings. This only depends on the amount of charges around the molecule, either in volume or at the surface. We show that in a similar manner to salt in bulk, surface charges screen the charge on the DNA backbone resulting in an evolution of supercoiled DNA conformations to more regular and more writhed when surface charge is increased. We compare the efficiency of surface screening and bulk screening (from salt), using two sets of experiments.
MATERIALS AND METHODS

AFM
All experiments were performed in tapping mode in the liquid cell of a multimode AFM connected to a nanoscope III controller (Bruker, Santa Barbara). The cantilevers were TAP75 from "Nano and more". To image DNA, a very gentle force was applied. By using small attenuations of the working amplitude we prevent deformation or degradation of the molecule by the tip.
Substrate
Because of its atomic smoothness, mica was chosen for the bare substrate. However, it is negatively charged, therefore it needs to be modified to promote DNA adhesion. To bridge the macromolecule and the mica, we have chosen charged supported lipid bilayers as a substrate. These model membranes are formed by vesicle fusion on mica (44) . By adjusting the ratio between a positively charge lipid and a neutral phospholipid, and assuming that the proportion of charges within the bilayer is the same as within the vesicle solution, we can vary the surface charge. Liposomes of diameter 30 nm on average, as determined by dynamic light scattering, are formed by tip sonication of a solution of the desired lipids mixture diluted in water (0.24 mg/mL) or buffer with the same salt concentration used while imaging. The two lipids chosen are Di-Palmytoyl-Trimethyl-Amonium-Propane (DPTAP), and Di-PalmytoylPhosphatidyl-Choline (DPPC). They only differ by their polar head, and no phase separation is expected within the bilayer. Their fluid and gel transitions are respectively 41 and 46°C, therefore we heated up the vesicle solution during sonication, slightly above the fluid gel transition. The hot solution was injected immediately after sonication into the fluid cell of the AFM. When vesicles break on the cold mica, they form instantaneously a bilayer in the gel phase. The membrane was rinsed with 3 mL water or buffer. The obtained supported bilayers are particularly smooth, even smoother than the bare substrate because they partially absorb the corrugation of the mica. However, due to the mechanism of formation of the bilayer, i.e. small domains nucleating and growing, frontiers of domains and sometimes small holes showing the bare mica are clearly visible on the AFM images.
DNA
The DNA used for this study is supercoiled pUc19 2686 base pairs from New England Biolabs (NEB). It was aliquoted as received (1mg/mL in10mM Tris buffer), without any further purification. This supercoiled DNA appears to be particularly pure of broken or relaxed circles. The manufacturer gives a specification of at least 90% of the DNA in the supercoiled form but agarose gel electrophoresis (1%) performed on several batches in presence of ethidium bromide showed only one bright spot indicating that apparently no relaxed, linear DNA or other sizes of supercoiled DNA were present. 1 µg was unfrozen a few minutes before each experiment and diluted in ultra-pure milliQ water (resistivity 18.2 MΩ.cm) or in buffer solutions to reach a final concentration of 1µg/mL. The DNA dilution was injected into the AFM fluid cell (400µL) and allowed to adsorb gently on the membrane. Imaging of the conformation of the DNA was performed immediately after. To assess the exact linking number of our DNA, we performed 1D agarose gel (1.5 % w/w) electrophoresis in presence of chloroquine (2µg/mL) at 20V for 17h. Chloroquine is an intercalating agent inducing positive superturns and thus reducing negative supercoiling of DNA. An appropriate concentration allows a separation of the topoisomers (Fig. 1) . As a control, we injected at the same time relaxed pUc19 (one strand nicked with NtbspqI from NEB) and relaxed pUc19 that was afterward religated with T4 DNA ligase. Both restriction and ligation were done following the manufacturer protocol. The DNA was purified using a Miniprep PCR purification kit (Qiagen) and resuspended in 10 mM Tris buffer at pH 7.5 before being run through the gel. The conformation of relaxed supercoiled DNA (one strand nicked) is not modified by the presence of chloroquine. As it is circular, its hydrodynamic radius is large and the migration on the gel is the slowest (lane 2). Relaxed DNA that has been religated is positively supercoiled and migrates the fastest (lane 1). The spot of the native pUc19 appears in between (lane 3). A line profile of lane3 is given on figure  1 .B. Fitting the intensities with a skewed Gaussian curve gave on averaged,
This value is in agreement with the literature (36) .
RESULTS AND DISCUSSION
Deposition of supercoiled DNA from pure water on charged membranes In a first set of experiments we have studied the conformation of supercoiled pUc19 that we allow to adsorb on lipid bilayers with surfaces charges ranging from 0% to 100%. As for surface charges, we refer to the DPTAP content of the bilayer which is the percentage of charged lipids. For the purpose of the experiment we get away from physiological conditions and dissolve our DNA in milliQ water. Working in salt free solution allows us to explore a much larger range of DNA-surface interactions. It is commonly assumed that DNA is not stable in pure water at room temperature (45) (46). But the kinetics of denaturation is still an issue. We used the hypochromism of DNA to determine the kinetics of denaturation of pUc19 DNA in the conditions of our AFM experiments (47) . The absorbance of the solution at 260 nm was stable for more than twelve hours at RT. It increased rapidly and reached a plateau when heating the sample up to 80°C (See supplementary information fig. S1 ). This result clearly shows that the plasmid we used is stable enough at RT for the time of our AFM experiment but that it denatures very fast at 80°C. The fact that plasmids are supercoiled might also prevent a complete denaturation at large scale. Typical conformations of supercoiled pUc 19 DNA in milliQ water are presented on Fig. 2 . For each surface charge, we present a zoom on one single molecule, but all conformations within the population studied look relatively the same, with of course some variations. On DPPC (fig 2A) , whose surface is zwitterionic, plasmids adopt an open circular conformation. Plasmids bearing a negative charge and approaching a zwitterionic membrane, which has a very high dielectric contrast with water, should be repelled by their own image charge. As a consequence there must be some kind of compensating short range interaction that allows for adhesion. The origin of this short range attraction could come from the fact that the lipid dipole is pointing out of the membrane. In such a geometry pUc19 DNA with a ∆L k of -7 is particularly constrained. Nicked circles also adopt the same open circular conformation on DPPC. However the circles are not nicked as confirmed by electrophoresis analysis. The same experiment performed with salt in solution gives rise to obvious writhing of the plasmid. On DPPC-DPTAP mix bilayers, as seen on Fig 2B to 2E , writhing is the consequence of the surface charge evolution of the surface. For low surface charges, the plasmids adopt a relatively loose conformation, which tightens along with an increase of the surface charge density. The superhelix writhes more and more until it reaches the plectonemic conformation that was so often reported in the literature. In contrast relaxed pUc19 DNA stays perfectly open on charged surfaces as one can see on Fig. 3A . All surface interactions are likely to be similar for the nicked circular DNA and for the native plasmid. Hence for closed circular DNA, the additional internal stress due to extra turns is responsible for writhing at high charge densities. From 10% up to 50% of surface charges, we observe that crossings are right-angled which is a direct evidence of that electrostatic interaction is the most important energy cost for the molecule. Indeed, in this configuration, the chain has to bend a lot to change direction. On the 100 % charges DPTAP surface, we see that the molecule favors the plectonemic conformation with an angle between strands of 30° at crossings. This shows that bending has now become the most expensive energy cost. Next to the AFM images on Fig. 2 , we present the statistical analysis of the mean number of crossings of one strand above or below the other (nodes). This number of nodes increases with the surface charge. For 100% surface charge, it was rather difficult to count the crossings as the superhelix was very tight at the surface and the AFM tip had trouble resolving the tertiary structure. Moreover, for this surface, the error bar is quite large due to surface inhomogeneities. On highly charged surfaces, we observed the appearance of lipid domains in the membrane. There are domains of two different heights. In the thinner domains, lipids are tilted. Their size does not change over time and they also exist at 100% of DPTAP, so we think it is not a demixion transition, but a consequence of the bilayer formation mechanism. Discarding this additional surface complexity we averaged the number of nodes over the entire surface. In 2D, plasmids are flat almost everywhere except at crossings. Writhe is only due to crossings and each of them contributes to one unit in the writhe number. Each crossing takes away one turn of twist. Let us assume that in salt free solution for constrained polyelectrolytes adsorbed in 2D, the electrostatic interaction at crossing is dominant compared to other interactions. On DPPC, the zwiterrionic surface, the internal electrostatic repulsion is extremely high. The electrostatic energy for crossing two strands is so expensive, that it overcomes bending and twisting costs. Hence, a DNA molecule prefers to be under high twist rather than supercoiled. Rings are more favorable than "figures of eight", even though the DNA is highly constrained. (See supplementary information for an estimation of the free energy costs with simple arguments and ref 50 for refined calculations). Experimentally however, the occurrence of the "figure of eight" was not null. This might be due to bridging of strands by nano liposomes not washed out. It may also be crossings that were present in 3D but that the chain did not manage to undo. One can explain the mechanism of writhing along with a surface charge increase as follows: When charges are incorporated in the bilayer, they screen DNA charges and thus reduce the electrostatic repulsion at crossings. We have noticed that nodes shift along the chain, presumably to reach the most stable conformation in 2D. However, it appears impossible to remove crossings once they have formed. To remove a crossing, desorption of the whole loop is required, which costs too much of energy. We assume that in bulk pure water as there is no salt in solution, DNA should be in a quite open or loose conformation. When in the vicinity of a charged surface, it feels the surface potential and start writhing. This must be done in 3D. When supercoiled DNA lays on the surface, it may still try to decrease the energy costs, but it has not as much freedom to do so. Usually, we observe that nodes move until the DNA form small loops. At equilibrium, supercoiled DNA molecules end up in conformations with small loops scattered along a main cycle. On highly-charged surfaces, when electrostatic interactions are fully screened, introducing an extra superhelical turn is more favorable than having torsion within the chain. Crossing has become less expensive than bending. In our experiments, it is clear that in that case, plectonemic conformations are observed. More precise consideration of electrostatics effects shows indeed that the surface charges provide some screening and play a similar role to ionic charges in solution. At the surface carrying µ charges per unit area, DNA chains adopt a flat conformation and are confined within a counter-ion layer whose thickness is characterized by the so-called Gouy-Chapman (GC) length λ from the surface. Within a mean field approach, and in salt free solution, the strength of the surface potential is constant over λ and for larger distances z from the surface it decreases as 1/ (z+λ) (48, 49) . The effective charge of the plasmid is fixed by the interplay between electrostatic interactions and entropy. In solution, cations condense on the backbone of the plasmids. This counter-ion layer reduces significantly the repulsive electrostatic interaction between charged phosphate groups of DNA chains. For DPPC, close to the surface, there are some cations around the DNA. Their condensation is enhanced by the image charge of the plasmid, which is negative as well but the underlying mechanism is complex. For charged surfaces, the surface charge reduces the electrostatic interaction between DNA charges. The electrostatic potential of the surface repels cations condensed on the plasmid. They will be released to a large extent. There is an additional, somewhat stronger, screening by the annealed surface charges. Mobile surface charges accumulate under the DNA (Fig.  3.B) . As a result, the net charge of the plasmid is higher than for a plasmid subjected to counter-ion condensation in solution. (50,51). Surface charges shall play a similar role to salt ions in solution and screen the long range electrostatics interactions.
Comparison of the conformation with charges at the surface or in volume
To convince ourselves, one may estimate with a simple model an effective charge density to compute an effective screening length in the case of surface screening. This is a preliminary rough estimation that does not take into account the fact that charges at the surface are mobile. We will refine the model later on. The potentials to take into account are the Debye-Huckel potential (DH) for bulk screening and the GC potentials for surface screening; the corresponding screening lengths being respectively the Debye length κ To compare the effect of surface charges with the effect of charges in bulk, we have performed a second set of experiments on the zwitterionic DPPC surface with addition of salt in solution. This set of experiments showed, as expected, supercoiled conformations with an increase of the number of nodes when the salt concentration was increased. We present in accompanying histograms the quantitative analysis of the node numbers (Fig. 5) . As already shown by others in the literature, the conformation of supercoiled DNA shows more writhe as the salt concentration of the solution is increased. One can also notice that the conformations we observe here are slightly different from those screened by the surface. Adhesion to the substrate was rather weak above 10 mM of salt and we encountered a lot of trouble imaging plasmids at 30mM. Plasmids appeared to be whitish on the image presented here, showing that they were almost not touching the substrate. However, the complete scale being 0-5 nm, the maximal height of the plectonemes did not exceed 3 nm. From the two sets of experiments we have performed we can compare the effect of screening from charges at the surface and from charges in bulk. By plotting the number of nodes n, which is an indicator of the screening efficiency, as a function of the screening length, we expect to see the same behavior for surface screening and bulk screening. This is presented in Fig. 4 .B. The area per lipid head was assumed to be 60 Å 2 . As for surface screening, we present only the data points in a moderate range of screening, i.e. where we can rely on a mean field approach. The transition between strong coupling and weak coupling is between 15 and 30 % of charges, but as it is not a strict limit, we plotted the value at 30 % as well (λ=4.5Å) as it helps to see a trend. A minimization of the total free energy of the plasmids with respect to n shows that the free energy has a linear dependence on n in this regime (50).
where h F is the interaction with the surface and cross F is the penalty for crossing helices in 2D. In the mean field regime, cross F is dominant. A linear dependence with λ is hidden in cross F . We find in good agreement with the theory that the number of nodes decreases linearly with the screening length. We do see that the point at 30% has already started to deviate from the mean field regime. The number of nodes is zero when cross F is too high (for large screening length). The intercept should give us -k L ∆ . Using the two data points in the mean field regime, we find an intercept at 6.5 which is rather close to the value of ∆L k =-7 found by gel electrophoresis. For bulk screening, we see a similar behavior. n is also decreasing but less sharply. As it was impossible to image plasmids above 30 mM of salt, we have only a couple of data points to compare with surface screening. We added an extra point at zero screening length, i.e. when the electrostatics is completely screened. This data point should be common to both types of screening if one only considers the electrostatic cost. This point at zero screening length is only an extrapolation of the mean field regime and is not an experimental measure. In reality, for highly charged surfaces, other types of interactions do play a role (for instance bending) and it is not obvious that surface screening and bulk screening data should merge. The straight line based on the two data points (κ =96Å. At this distance the electrostatic cost for crossing helices in 2D is of the order of 100 k B T (19) (52). We thus believe that this crossing is the result of frozen 3D projection. In bulk, a crossing is still possible as soon as the strands are sufficiently parted (at least by one Debye length). In contrast to surface screening where plasmids have to coil when they feel the surface potential, here plasmids have to uncoil when they already are at the surface. Even in the absence of salt, at κ -1 =960 Å, with a penalty of crossing of the order of 1000 k B T we also observed some "figure of eight" molecules. Their number being less than 20% of the total, their presence did not strongly affect n. It seems to be more difficult to uncoil to avoid a crossing than coiling to make one. Therefore it is likely that we have in our bulk statistics crossings that are 3D projections. It is reasonable to think that it affects only small fractions of nodes and that for sufficiently high numbers, it is probably negligible. To compare bulk and surface screening we must discard the point at κ This discrepancy has several origins. First, the DH and GC screening lengths have qualitatively the same effect, but the two corresponding fields do not have the same dependence on the distance. Second we did not take into account the surface charges annealing. In consequence, one needs to make a more quantitative comparison. As we mentioned before, the most important interaction is the interaction at crossings. We compute the interaction potential between two crossing segments, in the case of bulk screening and surface screening. The free energy can be written as a function of a 2D Fourier Transform (FT) of the potential divided by the sin of the angle between segments.
The minimum of electrostatic free energy is obtained when the segments are perpendicular to each other as it is observed at moderate surface charge. We consider this case in the following discussion. To get the correspondence between the two screening distances, we need to compare the energy cost per crossing. For 3D, The DH equation applies with a source term corresponding to one charge. We expect the potential to be of Yukawa type. . The linear charge density of DNA appears to be two times smaller for bulk screening than for surface screening, which is compatible with our assumption that DNA has less condensed couterions on charged surfaces than in bulk. The point that we have not considered yet is the difference of adsorption mechanisms on the two surfaces, the zwitterionic one and the charged one. On the neutral bilayer (zwitterionic), counterion condensation is slightly enhanced while on the charged bilayer, there is counterion release. Indeed on the zwitterionic bilayer, to compensate for the repulsion of plasmids by their own image charge, there is overcondensation of counterions, which reduces the effective charge of DNA a little further. A more precise analysis would lead to the real proportion of counterions effectively condensed on the DNA backbone for the two cases. As we have only a couple of valid data points in the mean field regime and many sources of uncertainty, we did not carry on the analysis further. We have mainly focused our study on electrostatics interactions and did not point out the question of the entropy. In the experiments that we have shown we are either in salt free solution or in the moderate salt concentration regime. When electrostatic repulsion is high, entropy is certainly negligible, which is mostly the case in our experiments, however, in physiological conditions, entropy may be important. Nonetheless it should not alter the node number n. In order to conclude on the 2D entropic effect on the conformation of supercoiled DNA, for instance on more or less writhe as suggested by Velichko's work, we would need an experiment that emphasizes the pure effect of the entropy. The easiest way would be to compare 2D conformations in high salt concentration where the electrostatic repulsion is screened, with 3D bulk conformations. Unfortunately, this is not possible. Up to now, no experimental technique is available to give a real photography of the conformation of supercoiled DNA in 3D. The only obvious influence of the entropy we have observed in our experiments is the occurrence of very small loops next to much larger ones. Indeed, if the crossings are well scattered all over the DNA molecule just after immobilization, their positions evolve during the first minutes. We clearly see that after some time, there is equilibrium of very small loops next to much larger ones. This effect has been previously reported with computer simulations on 2D knots (53,54).
CONCLUSION:
In this article we have presented experiments realized on pUc19 plasmid DNA adsorbed on a bilayer and changed the surface charge density to see its effect on the 2D supercoiled conformation of the DNA. We have been able to reproduce many conformations reported in literature either by AFM or by TEM, just by changing the surface charge. Supercoiled DNA might be completely open as a ring in the absence of charges at the surface and in bulk. It coils when we increase the amount of charges at the surface to finally reach the plectonemic superhelix conformation which is an analogue of the tertiary structure often reported in TEM experiments. The most important energetic cost is the repulsion at crossing which cannot be avoided in 2D. In the absence of screening charges, in bulk or at the surface, the molecule favours open circular conformations, even though it remains very constrained by the linking number. When charges are added at the surface, the GC potential screens charges on the DNA backbone, and supercoiling occurs. The presence of mobile charges at the surface does play a very important role. It first ensures the 2D equilibrium of the molecule but it also enhances screening at the surface. By comparing the effect of surface screening and bulk screening for a molecule adsorbed at the surface, we extracted the ratio of linear charge density of the DNA between surface screening and bulk screening which is the direct consequence of different ionic condensation mechanisms. Membranes of other lipid compositions can also be a good substrate to study the dynamics of macromolecules or macromolecules at equilibrium (55). The interaction between charged lipids and biomolecules of opposite charges is also of interest. In the present case, the DNA is negatively charged and the membrane underneath is positively charged. In protein-membrane interactions, both charges are of reversed sign. Cell membranes are negative and objects that bind to them are positive. Nevertheless, pure electrostatic effects can lead to similar consequences. 
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S2: Estimations of the free energy costs in 2D and in salt free solution
To understand the circular form of supercoiled DNA in the absence of charges at the surface and why writhing occurs when charges are added at the surface, we must compare, specifically for 2D, the (free) energetic cost of writhing, twisting, and the electrostatic repulsion in pure water. As for the entropic cost, it is of the order of a few k B T and will only become manifest when loops are not too rigid (not too small). The dominating crossing energy is fairly independent of the shape, provided that the crossing angles are optimized.
In the absence of screening, the electrostatic cost of a crossing is overwhelming. To show this, a rough estimate is enough. To illustrate our explanation, we compare two different conformations that we observed in pure water on DPPC, (in the absence of screening from the surface): a ring of radius R and what we have called a "figure of eight". For simplicity of the calculation, the "figure of eight" is taken as two circles of radius R/2 in close contact but we keep in mind that they do cross strands. All energies are given in k B T units.
The bending cost is defined as the necessary energy for bending a rod of length L over a circle of radius R.
with l p is the persistence length of the DNA.
In water, due to the high repulsion of phosphates on its backbone, DNA should have a greater persistence length than the usual 50 nm in physiological conditions. In the literature, we found 94 nm measured with optical tweezers in 1mM NaCl (56) but nothing for more dilute solutions. In our experiments, we do not have any NaCl but Tris buffer at a very low concentration, roughly 10 -5
M. This remaining ionic content comes from the dilution of the stock plasmids solution. On the DPPC membrane, we have measured in pure water, the persistence length on linear pUc19 DNA obtained by restriction of the supercoiled form. We measured the end to end distance for a hundred molecules in order to compute the average persistence length (42) . According to Rivetti et al, if the conformation of the chain is at equilibrium in 2D, the average of the square of the end to end distance is equal to 4 p l L.
We found experimentally that l p = 87 nm. This is slightly smaller than the 94 nm found in 1mM NaCl and not higher as expected but considering the large error bar the two values are consistent. On this neutral surface, a statistical analysis of the measured contour length gave 860 ±25 nm which is slightly smaller than the theoretical length of 913 nm. This is not anomalous considering the fact that some part of the chain may be out of plane because not well bound to the surface. This effect is very difficult to detect with the fluctuations of the membrane underneath. For the electrostatic cost, we define two different contributions to the free energy, the self electrostatic repulsion which is the internal repulsive electrostatic interaction due to the constrained circularity of a plasmid and the electrostatic cost of a perpendicular crossing. with L the contour length and ρ the linear charge of the DNA. We assume one charge every B l . R is the distance between two interacting segments along the molecule. In solution, two segments may interact if they are separated by less than a Debye length. In our salt situation, it is around 100 nm. Looking at a circle immobilized in 2D, this distance is of the order of the radius of the circle itself. Therefore taking the radius of a big circle (the ring) or the one of two little circles (the figure of eight) will tell us whether there is more energy stored in two little circles than in a big one. This is the electrostatic repulsion of two punctual charges spaced by a distance R and bearing the same total charges than two DNA circles of radius R/2.
In contrast to the bulk case, where writhe may still be possible in loose conformations, in 2D the strands have to be in close contact at crossing. This is a huge energetic cost but we should point out that close contact means much closer than the given Debye length κ The crossing free energy is relevant in biology for instance when enzymes bring strands into close contact, and has been studied by computation, albeit in salt solution (19, 52 ). Schlick et al data scale with the logarithm of the salt concentration (19) . Extrapolating their data to a concentration of 10 -5
M gives a value of T k B 1000 per molecule as well. Hence, we see that the electrostatic energy for crossing is dominant in salt free solution and that the other contributions to the free energy (writhing, twisting and entropy) are negligible in comparison.
